Background Moyamoya disease-an idiopathic vascular disorder of intracranial arteries-is often accompanied by hypertension. RNF213 has been identified as a susceptibility gene for moyamoya disease. In the present study, the association of p.R4810K (G[A) with blood pressure (BP) was investigated in a Japanese population. Methodology/principal findings Three independent study populations, the Nyukawa (n = 984), Noshiro (n = 2,443) and Field (n = 881) studies, joined this study. BP, body weight and height were measured. Past and present symptoms and disease and medication histories were assessed by interview. Associations of p.R4810K (rs112735431, ss179362673) of RNF213 with BP were investigated.
Introduction
Moyamoya disease is an idiopathic occlusive vascular lesion that occurs at the terminal portion of internal carotid arteries in the circle of Willis [1, 2] . Familial clustering has been reported for moyamoya disease, with 15 % of cases being reported to have a family history [3] . This familial clustering led to searches for genetic factors, which identified several loci, including 3p24-p26 [4] , 6q25 [5] , 8q23 [6] and 17q25 [7, 8] . The locus on 17q25.3 was further refined by a linkage analysis [9] and an association study [10] . Finally, RNF213 was identified as the susceptibility gene of the 17q25.3 locus for moyamoya disease [11] .
Several polymorphisms specific to Japanese, Korean, Chinese and Caucasian patients with moyamoya disease have been found in RNF213 [11] . Of these, the p.R4810K (rs 112735431, ss179362673; G[A) polymorphism is a founder variant found commonly in Japanese, Korean and Chinese patients. In particular, it is found at rates of[90 % in Japanese patients and approximately 80 % in Korean patients. More surprisingly, 2-3 % of the Japanese and Korean general populations are carriers of this variant [11] . Given that the prevalence of moyamoya disease in patients is 10.5 per 10 5 people [12] and the rate of carriers of p.R4810K is 3 %, only a minor portion of carriers will develop moyamoya disease.
We conducted molecular cloning of a full-length cDNA of RNF213 and found that it comprises 5,207 amino acids. RNF213 has two well-known domains, a RING finger domain and a Walker motif that show ubiquitin ligase activity and ATPase activity, respectively [11] . RNF213 was shown to be a novel functional E3 ligase [11] . Two splicing variants of RNF213 were detected ubiquitously in cDNAs isolated from various types of cells, including vascular endothelial cells [11] . After knockdown of RNF213 in zebrafish embryos, severely abnormal sprouting vessels were seen in the cranial vessels. However, the p.R4810K variant had no apparent detrimental effects on E3 ligase activity.
Moyamoya disease is often accompanied by hypertension [13, 14] . The pathogenesis of hypertension in patients with moyamoya disease has been attributed to stenosis of the renal arteries, i.e., renovascular hypertension. However, in some cases, hypertension was reported to occur without stenosis of the renal arteries [15] . Such observations suggest that hypertension in moyamoya disease may be caused by a novel mechanism associated with RNF213 variants. If this is the case, it can be hypothesized that hypertension is a phenotype of p.R4810K carriers.
In the present study, we investigated whether p.R4810K elevates blood pressure (BP) in p.R4810K carriers. To examine this possibility, we conducted a genetic epidemiological study in three independent populations.
Methods

Ethical statement
Ethical approval for the three independent studies was given by the Institutional Review Board and Ethics Committee of Kyoto University School of Medicine, Kyoto University, Japan (Approval number: G140 approval date 10/18/2004). All the subjects provided written informed consent. All the studies involved the use of humans and adhered to the principles of the Declaration of Helsinki and Title 45, US Code of Federal Regulations, Part 46, Protection of Human Subjects.
Study population
Hypertension was defined as systolic blood pressure (SBP) of C140 mmHg and/or diastolic blood pressure (DBP) of C90 mmHg or treatment with antihypertensive medication. The pulse pressure (PP) was calculated as the difference between SBP and DBP.
Samples were donated by participants in three independent studies: the Nyukawa, Noshiro and Field studies. The Nyukawa and Noshiro studies are cohort studies to investigate common diseases. An annual health check-up is provided to the residents as a subsidy program run by the local autonomy at its public health center under the Industrial Safety and Health Act or Elderly Health law. Weight was measured in light clothes on an electrical balance, and height was measured with a stadiometer. Body mass index (BMI) was computed as weight in kilograms divided by the square of the height in meters. BP was measured on the right arm of seated participants by public health nurses after 5 min of rest at each examination using a mercury sphygmomanometer. BP was measured once or more than once when the readings were much higher than past records, i.e., 10 mmHg for SBP and 5 mmHg for DBP. In cases with more than one reading, the later BP reading was used. Clinical data such as past history of medication, past disease history, past and present symptoms, and demographic data (age and birth date) were collected by interview by public health nurses during the clinical examinations. The Nyukawa study started in 2004 in Nyukawa town in Gifu prefecture and has continued to the present, while the Noshiro study started in 1998 in Noshiro city in Akita prefecture and has continued to the present. All participants who underwent health check-ups at local health centers were recruited, and [95 % of the potential candidates agreed to join the present study. The participants donated blood samples at start of the studies and data collected at the start of the studies were used. Although these two studies are cohort studies, the study design for the present study was a cross-sectional association.
The Field study started in the early 1990s and ended in the mid-1990s as an environmental and nutritional study designed to evaluate exposure to environmental pollutants through dietary routes in nationwide general populations [16, 17] . Participants were recruited from among farmers by local community farming support stations. More than 90 % of subjects agreed to join the study. Owing to its focus on household information, such as dietary habits and sources of vegetables, we selectively recruited more unrelated housewives than males. The researchers visited local towns and collected blood samples. Weight was measured in light clothes on a scale and height was measured with a stadiometer. BP was measured on the right arm of seated participants by physicians after 5 min of rest at each examination using a mercury sphygmomanometer. BP readings were measured once, and more than once when readings were much higher (i.e., 10 mmHg for SBP and 5 mmHg for DBP) than the values anticipated by the participants. In cases with more than one reading, the later BP reading was used. Clinical data such as past history of medication, past disease history, past and present symptoms, and demographic data (age and birth date) were collected by interview by physicians during the participant's visit. The samples and data were donated to the Kyoto Specimen sample bank [18, 19] . Since the minor allele frequency (MAF) of p.R4810K in the general population was significantly lower for the Noshiro population (0.2 %) than for the Nyukawa population (1.4 %), we selected populations in the western part of Japan in the Field study, i.e., Niigata, Ishikawa, Toyama, Tokyo, Gunma, Nagano, Aichi, Shiga, Kyoto, Kochi, Ehime, Shimane, Yamaguchi and Kagoshima.
We excluded from the analyses subjects with chronic kidney disease, polycystic kidney diseases, diabetic nephropathy and secondary hypertension based on the information obtained by interview. Blood-relatedness of the participants was checked by address, family names and interviews. If there was blood-relatedness among participants, one of the blood-related participants was selected and others were excluded from the analyses. For carriers, interview sheets describing blood-relatedness among carriers within the same communities were re-reviewed. Carriers or related family members were re-interviewed if needed.
Linkage disequilibrium around ss179362673
In the Japanese population, haplotypes carrying p.R4810K in RNF213 were reported to be derived from a common founder [11] . We investigated linkage disequilibrium (LD) blocks in unrelated Japanese controls (n = 384) in the Kyoto and Osaka areas in western Japan, and in Japanese patients with p.R4810K and moyamoya disease (n = 140) [11] . Thirty-two single nucleotide polymorphisms (SNPs) (rs6565649, rs7216577, rs7406843, rs8078855, rs7217421, rs9902702, rs11869363, rs12451808, rs55996424, rs7222014, rs35968416, rs4890012, rs12150356, rs8070106, rs4889848, rs6565683, rs9913006, rs6565686, rs8065843, rs4074303, rs4890025, rs11869626, rs9898443, rs12601738, rs12185227, rs7502866, rs9911978, rs12950635 rs4890047, rs4889863, rs11655474, rs8080957) were selected on the basis of information in the Hapmap database (http://hapmap.ncbi.nlm.nih.gov/) to cover a region spanning 390 kb from the 5 0 end of SGSH to the 5 0 end of Raptor. These 32 SNPs were selected to illustrate the LD blocks using the Tagger program, with criteria of r 2 [ 0.65 and a MAF of[0.05 in Japanese people. Typing for these 32 SNPs plus 7 rare SNPs (ss179362670, ss179362671, ss179362672, ss179362673, ss179362674, ss179362675, ss161110142) was selected. Each LD block was constructed using SNP & Variation Suite V7. LDs were evaluated by D 0 .
Genotyping and quality control Genomic DNA was extracted from blood samples with a QIAamp DNA Blood Mini Kit (Qiagen, Tokyo, Japan). Genotyping of the 39 SNPs was conducted using TaqMan probes (TaqMan SNP Genotyping Assays; Applied Biosystems, Tokyo, Japan) using a 7300/7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) as previously reported [11] . Data were cleaned using a quality control process. This process included evaluation of sample and marker call rates, mismatches of sex, age and BP readings, past histories, duplicates and batch effects. Sample relatedness and population stratification were not evaluated genetically.
The genotyping results for p.R4810K were confirmed by direct sequencing by the Sanger method in 42 subjects out of 140 patients, as previously reported [11] . The genotype of p.R4810K in two independent genotyping procedures was perfectly matched for control 384 subjects. The call rates for the 39 SNPs were 100 %.
Statistical analysis
Hypertension was analyzed as a binary trait (cases vs controls) using a logistic model under an additive model. Association of p.R4810K with BP was also analyzed by an additive model as a quantitative trait using linear regression models. For subjects taking antihypertensive therapies, BPs were imputed by adding 10 and 5 mmHg to the SBP and DBP values, respectively [20] . Unless otherwise specified, analyses were based on the protocol used in the large studies [21] [22] [23] : adjustment for age, sex and BMI: inclusion of subjects taking antihypertensive medications and imputation of their BP. Genetic association analyses were performed using SNP & Variation Suite V7 (Golden Helix, Bozeman, MT).
In the analyses, we tested additive and dominant models. Odds ratio was calculated by the SNP & Variation Suite for dichotomous phenotypes. HardyWeinberg equilibrium (HWE) was tested in entire populations. The exclusion criteria was HWE \10 -3 . A Bonferroni correction of P = 0.05/2 = 0.025 was applied to the regression analysis. This correction was selected because two parameters, SBP and DBP, were independent, while the other parameters (PP and adjusted values) were derivatives of these values. Other statistical analyses were conducted using SAS software (SAS Institute, Cary, NC). A value of P \ 0.05 was considered to indicate statistical significance.
Results
Demographic characteristics of three populations
The demographic characteristics of the participants in the three studies are summarized in Table 1 . The numbers of participants were 984 for the Nyukawa study, 2,443 for the Noshiro study and 881 for the Field study. The percentages of patients taking antihypertensive agents or diuretics ranged from 10.8 % in the Field study to 15.8 % in the Noshiro study. The percentages of patients with hypertension ranged from 12.8 % in the Field study to 17.6 % in the Noshiro study.
The MAFs of p.R4810K were 1.4 % in the Nyukawa and Field studies, and 0.2 % in the Noshiro study ( Table 2 ). The MAF was significantly lower in the Noshiro study than in the Nyukawa and Field studies (Fisher's exact test, P \ 1 9 10 -5 ). Based on interview, none of the carriers had any symptoms related to moyamoya disease or past history of stroke.
Blood-relatedness checked by address and family names did not exclude any subjects in three studies. None of the 60 carriers were confirmed to be blood-related by re-review of the interview sheets. 7) for the AA ? GA genotype, which is significantly higher than 127.7 (19.9) with the GG genotype (P \ 0.001). On the other hand, neither DBP nor adjusted DBP differed between any two groups: the adjusted BP was 78.2 (13.2) and 76.9 (12.5) for GG genotypes, respectively. The % hypertension was marginally higher in the AA ? AG group than in the GG group (Fisher's exact test, P = 0.06).
Effects on associations of protocol changes for statistical analysis
The present statistical analyses were based on the same protocol [21] [22] [23] . The protocol included subjects with antihypertensive medications and adjustment for age, sex and BMI. We investigate the effects of modifications of the protocol on the statistical analyses to determine to what degree the current results are dependent on the protocol. First, we eliminated subjects with antihypertensive medications to investigate the effect of genotypes without modifications by medications. Although reduced numbers of subjects decreased statistical power, there were significant associations of p.R4810K with SBP and PP (Table  S1 ). Second, analyses were conducted without adjustment for BMI for the population including subjects with antihypertensive medications. The associations were reproduced without adjustment for BMI (Tables S2 and S3 ).
Changes in the statistical analysis protocol did not alter the results by quantitative regression analyses extensively, suggesting that associations of p.R4810K are robust and reproducible.
LD blocks around p.R4810K of RNF213
Analyses of the LD blocks of 39 SNPs spanning 390 kb in patients with p.R4810K and moyamoya disease demonstrated that p.R4810K was in LD with the 3 0 half of RNF213 and ENDOV (Fig. 1a) . Similar LD blocks were observed in the general control population (Fig. 1b) . LD blocks of p.R4810K did not contain any proxy SNPs, which have been reported to be associated with BP in East Asian people or other ethnicities, even when less stringent statistical criteria are applied [21] [22] [23] .
Discussion
In the present study, quantitative trait locus analyses demonstrated that p.R4810K was associated significantly with SBP and PP in the general population. The p.R4810K allele resulted in consistently elevated SBP from 4.7 to 18.7 mmHg/allele and PP from 5.1 to 8.5 mmHg/allele. Such large and consistent contributions support our hypothesis that p.R4810K increases SBP.
Several large-scale studies have used the genome-wide association study (GWAS) approach [21] [22] [23] . However, none of these studies detected a locus on 17q25.3 for hypertension. Investigations of the LD blocks of p.R4810K failed to reveal any SNPs that have been reported to be associated with BP, even with less stringent P values [21] [22] [23] . There is no doubt that recent association studies have been successful; however, we consider that there are three major reasons for the failure to detect an association of RNF213 polymorphisms with hypertension. First, the Fig. 1 Linkage disequilibrium (LD) blocks from a region spanning 390 kb from SGSH to RAPTOR in two independent populations. The LD blocks were constructed with 39 single nucleotide polymorphisms (SNPs). Scales are D 0 . The physical positions refer to Genome View Build 36 (http://www.ncbi.nlm.nih.gov/mapview/). a LD blocks for 140 unrelated Japanese patients with p.R4810K and moyamoya disease. b LD blocks for 384 unrelated Japanese subjects critical assumption for the efficient detection of association through GWAS using LD mapping with TagSNPs C5 % is that, for the susceptibility locus, there is only low level allelic heterogeneity. In the presence of allelic heterogeneities, GWAS with TagSNPs may have missed potentially significant associations [24, 25] . Second, another GWAS assumption is that variants are common. The GWAS protocol usually discards minor alleles, i.e., with allele frequencies smaller than 10 %. Thus, minor alleles in RNF213, such as p.R4810K, might have been eliminated from the analysis. Third, even large studies are not free from sample size limitations to detect small population effects even using TagSNPs. For example, a simple genetic power calculation [26] on the assumption (HT prevalence 0.2; risk of the allele = 2.0; D 0 between a tag SNP and risk allele 0.9; tag SNP allele frequency = 0.5) reveals that to obtain alpha = 0.05 and power = 0.80, more than 50,000 HT Japanese cases would be needed for the low frequencies of risk allele *0.01. Given the lower frequencies in the Tohoku areas of Japan, more cases would have been needed. Collectively, although p.R4810K has a discernible influence on BP in individuals, its small contribution to the population BP makes it extremely difficult to detect, even in large scale GWAS studies.
Given that the current observation can be generalized, carriers of p.R4810K are at risk of high SBP, irrespective of whether they have moyamoya disease. An increase of this magnitude overwhelms the population average of BP treatment effects for single antihypertensive agents [27] . Moreover, it has been suggested that differences in SBP of this magnitude elevate total mortality and the incidence of stroke [28] . Therefore, p.R4810K carriers may need special attention to control their SBP to prevent cerebrovascular events, regardless of whether they are affected by moyamoya disease. In this regard, it remains an enigma why p.R4810K has a strong association with SBP while it does not with DBP. Further studies are warranted to explain the preferential association with SBP.
Hypertension in patients with moyamoya disease has been postulated to be caused by renovascular hypertension [13, 14] . Similarly, it may occur in carriers without manifestation of moyamoya disease. There may also be other possibilities for the mechanisms of hypertension. For example, it remains to be addressed why hypertension occurs in some patients with moyamoya disease without stenosis of the renal arteries [15] . The physiological role of the p.R4810K variant of RNF213 in the pathological process is unknown. RNF213 comprises a novel class of E3 ligase and is involved in angiogenesis [11] . Therefore, its biochemical and physiological functions need to be elucidated. Further studies are required with a focus on the functional aspects of p.R4810K of RNF213 in SBP.
Except for Down syndrome [29] , various disorders associated with moyamoya syndrome are also known to be associated with BP, including Sickle cell disease [30, 31] , neurofibromatosis I [32] , Noonan syndrome [33, 34] , Seckel syndrome [35] , familial thoracic aortic aneurysm/ dissection syndrome caused by ACTA2 mutations [36] and X-linked moyamoya syndrome [37] . The genetic association between BP and p.R4810K of RNF213 may not be unique to moyamoya disease, but could instead be common to the pathophysiology associated with moyamoya syndrome. The common pathological processes in these diseases are associated with occlusive vascular lesions. The biomedical mechanisms associated with occlusive vascular lesions may be attributable to endothelial dysfunction, as is the case for prehypertension [38] . Alternatively, it is interesting that patients with ACTA2 mutations have excessive proliferation of vascular smooth muscle cells, and thereby elevated BP [36] .
The present study has several limitations, the most major being the population sizes of the carriers of p.R4810K. Although we performed extensive genotyping in the three populations, we could not obtain large numbers of carriers because of the low prevalence of p.R4810K. It is of particular interest that the MAF of p.R4810K is significantly lower in the eastern part of mainland of Japan than in the western part of Japan. It should be investigated in future whether or not the prevalence of moyamoya disease has geographic differences in Japan. Specifically, it may be lower in the eastern part of mainland Japan than in the western part of Japan, as predicted by the low prevalence in Caucasians [11] . In this regard, although we cannot eliminate the effects of population stratification completely, the strength of the present study, namely a single ethnicity, can mitigate such biases. In addition, we did not test genetic relatedness among participants, although we checked it with indirect information. Thus, blood-related samples may be contaminated in associations and lead to inflation of associations. The second limitation of this study is that clinical data were not available for examining renovascular hypertension in carriers. Third, it could be argued p.R4810K is a proxy SNP or that RNF213 is associated directly with BP, and that p.R4810K of RNF213 may elevate BP. At present, we cannot say whether RNF213 is associated with BP, and whether p.R4180K elevates BP directly or not. Further evidence is required to explain the association of p.R4810K with BP biologically. Finally, we cannot exclude a healthy participant effect in the current study. In fact, most of the participants are active both mentally and physically. Handicapped subjects with hypertension-associated cardiovascular diseases or subjects receiving clinical care might have been eliminated in the communities. The present findings may help to determine the pathological consequences of moyamoya disease in carriers of p.R4810K. Furthermore, our findings suggest that high SBP may be a common phenotype of carriers of p.R4810K. Finally, although the MAF of p.R4810K in the general population is small, antihypertensive measures may be efficient for this high-risk population.
